Background During static exercise in normal subjects, the mean arterial pressure increases as a result of an increase in heart rate and thereby cardiac output with no significant change in stroke volume or systemic vascular resistance. We hypothesized that if one component of the blood pressure response to static exercise, ie, heart rate, were fixed, plasticity of the neural control mechanisms during exercise would allow for preservation of the blood pressure response by alternative mechanisms.
Methods and Results Thirteen patients 20 to 68 years old with structurally normal hearts, complete heart block, and dual chamber pacemakers performed static exercise during three conditions: (1) normal dual chamber sensing and pacing mode, (2) heart rate fixed at the resting value obtained in the DDD mode of 78±4 beats per minute, and (3) heart rate fixed at the peak value obtained during exercise in the DDD mode of 94±4 beats per minute. Heart rate, blood pressure, and cardiac output were measured and stroke volume and systemic vascular resistance were calculated at rest and at 1 and 5 minutes during static one-leg extension at 20% of maximal voluntary contraction. The mean arterial pressures at rest and S ustained static exercise causes an increase in blood pressure because of an increase in cardiac output secondary to an increase in the heart rate, whereas stroke volume and systemic vascular resistance do not change.1-5 Parasympathetic withdrawal is the efferent mechanism for the early heart rate response noted during static exercise.6-8 As static exercise is continued, the sympathetic nervous system plays an increasing role in maintaining the blood pressure response. Sympathetic nerve activity to resting muscle, assessed by microneurography, shows an increase only after the first minute of static handgrip exercise,9-11 although sympathetic activation of the cardiac response may occur as early as 30 seconds.6
A number of experimental models have been used to investigate the role of heart rate in the blood pressure response to static exercise. Studies using autonomic blockade to prevent an increase in heart rate during static exercise did not inhibit the increase in blood pressure. 2, 6, 8, 12 The blood pressure responses in these at 5 minutes were higher when the heart rate was fixed at the faster peak exercise heart rate. In the DDD mode, heart rate increased by 16 beats per minute and cardiac output by 1.1 L/min, with a resultant 25 mm Hg increase in mean arterial pressure at 5 minutes with no change in the stroke volume or systemic vascular resistance. In both fixed heart rate pacing modes, mean arterial pressure increased by 24 mm Hg when the heart rate was fixed at the resting heart rate and by 25 mm Hg when the heart rate was fixed at the faster peak exercise heart rate pacing modes associated with an increase in stroke volume, with similar increases in cardiac output. During static exercise there was no change in systemic vascular resistance from the resting value in any pacing mode.
Conclusions When heart rate is fixed in the presence of normal left ventricular function, the mean arterial pressure increases normally during static exercise because of an increase in stroke volume with no change in the systemic vascular resistance. (Circulation. 1994;89:1643-1647.)
Key Words * cardiac output * heart block * pacing . exercise studies were caused by an increase in the systemic vascular resistance, with no change in heart rate or stroke volume. Patients with Chagas' heart disease13 and evidence of cardiac parasympathetic denervation, as demonstrated by the lack of a heart rate response to atropine, also have an appropriate blood pressure response during static exercise because of an increase in the systemic vascular resistance. Their blood pressure response is similar to Chagas' heart disease patients with a normal parasympathetic nervous system, the latter increasing their heart rate and thereby cardiac output appropriately. The constancy of the blood pressure response to isometric exercise is similar to that of patients with orthotopic heart transplants.14 However, in subjects with autonomic blockade and in patients with Chagas' disease, cardiac function, in addition to heart rate, is affected.
Patients with complete heart block and otherwise functionally normal hearts who have dual chamber pacing and sensing pacemakers are uniquely suitable for examining the role of heart rate in the cardiovascular responses during static exercise in the absence of the confounding effects of drugs or of abnormal cardiac function. A preliminary report of these findings has been presented.15
Methods

Subjects
The subjects used in this study were 
Procedures
DDD pacemakers have leads in both the atria and ventricles with the capability to sense and to track intrinsic cardiac electrical activity. In patients with normal sinus node function and complete heart block, the intrinsic sinus rhythm is sensed and the ventricle is sequentially paced, thus simulating the normal physiological heart rate responses to static exercise. The heart rate can be fixed by programming the DDD pacemakers to the DOO mode, in which the pacemaker does not sense any intrinsic electrical activity and paces the atria and, after an appropriate delay, the ventricle. In the presence of a faster competing intrinsic sinus activity, successful atrial pacing may not occur because of failure to capture. Ventricular pacing would still occur at the programmed heart rate, since the presence of complete heart block would prevent conduction of any atrial activity. The effects of fixed heart rate pacing during static exercise in the absence of confounding drug effects or cardiac disease were examined in patients with DDD pacemakers. Heart rate was fixed either at the slower resting heart rate or at the peak exercise heart rate for the same exercise protocol to determine whether the cardiovascular responses would differ at either end of this spectrum.
All patients abstained from smoking and drinking caffeinecontaining beverages on the day of the study and were told to avoid strenuous exercise in the preceding 24 hours. They were seated on a straight-back chair and asked to perform static knee extension using their dominant leg with the knee flexed at 900. The Initially, baseline resting measurements (Rest) of cardiac output, heart rate, and blood pressure were obtained in all subjects before exercise. Measurements of the cardiac output, heart rate, and mean arterial pressure were repeated at 1 minute and 5 minutes during static leg extension. All patients exercised first in the rate-responsive dual chamber sensing and pacing mode (DDD), which tracked the intrinsic atrial rate and after an appropriate atrioventricular delay paced the ventricle. The subjects then repeated the exercise in random order, either with heart rate fixed at the resting rate (DOORest) or with the heart rate fixed at the peak exercise rate (DOO-Ex). During the latter two exercises, the sensing feature of the dual chamber pacemakers was turned off (DOO mode 1) . This was a result of an increase in cardiac output secondary to an increase in the heart rate. The stroke volume and systemic vascular resistance did not change during the exercise protocol (Table ; Fig 2) .
When heart rate was fixed at the resting level (DOORest), the mean arterial pressure increased from rest at 1 minute and at 5 minutes during static exercise ( Table for specific comparisons. differ at 1 minute, and at 5 minutes it was higher than in the DDD mode. The stroke volume in the DOO-Rest pacing mode was also greater than that seen in the DOO-Ex pacing mode at 5 minutes (Table; Fig 2) . In the DOO-Rest mode the systemic vascular resistance (Table; Fig 2) did not change from the control resting values during the exercise protocol, although the values obtained were greater at 1 and 5 minutes than those in the DDD pacing mode. When heart rate was fixed at the peak exercise level (DOO-Ex), the mean arterial pressure increased from rest at 1 minute and at 5 minutes during static exercise (Table ; Fig 1) . At 5 minutes the mean arterial pressure was greater than that obtained in the DDD mode. At 1 minute, however, the mean arterial pressure in the DOO-Ex pacing mode was not different from those obtained in either the DDD or the DOO-Rest pacing mode. The mean arterial pressure response was due to an increase in cardiac output brought about by an increase in the stroke volume, since heart rate was fixed by pacing. The stroke volume (Table; Fig 2) increased from rest after 1 and 5 minutes of exercise. As during rest, the stroke volume at 1 minute was lower compared with the DDD mode and the DOO-Rest mode. At 5 minutes the stroke volume (Table; Fig 2) was not different from that in the DDD pacing mode but remained lower than in the DOO-Rest mode. The systemic vascular resistance did not change from rest during exercise in the DOO-Ex mode, as was seen with the other two pacing modes. However, the systemic vascular resistance was higher in the DOO-Ex mode than in the DDD mode at 1 and 5 minutes of static exercise.
Discussion
The important finding of this study is that mean arterial pressure increases normally during static exercise despite a fixed heart rate and, further, that this increase occurs by an increase in the stroke volume (hence cardiac output) without significant changes in systemic vascular resistance. The present study shows that stroke volume can compensate for a fixed heart rate to elicit a normal blood pressure response to static exercise. This observation is different from studies in which heart rate was not allowed to increase by use of autonomic blockade and the increase in blood pressure was due to an increase in systemic vascular resistance.26'12 However, autonomic blockade, in addition to preventing an increase in the heart rate, may have decreased cardiac contractility and prevented an increase in contractility from occurring during exercise. Similarly, studies in patients with Chagas' disease, who have cardiac parasympathetic denervation, found that an increase in the systemic vascular resistance accounted for the blood pressure response when the heart rate did not change.'3 Also, ventricular function may have been abnormal in these patients, and evaluation of the sympathetic nervous system was not performed. Thus, in previous studies stroke volume was unlikely to change because the heart itself was affected.
In the dual chamber atrial and ventricular sensing and pacing mode (DDD mode), the pacemaker tracks the intrinsic sinus rate and paces the ventricle after an appropriate atrioventricular delay. During sustained mode, the heart rate increases in a normal fashion and accounts for the increase in cardiac output and mean arterial pressure with no change in stroke volume and systemic vascular resistance from the resting values. This cardiovascular response was identical to that obtained with normal subjects.-3 When heart rate was fixed at either the slower resting rate (DOO-Rest) or at the faster peak exercise rate (DOO-Ex), the increase in mean arterial pressure during exercise was the same. In both pacing modes, an increase in cardiac output accounted for the increase in mean arterial pressure during static exercise without a change in systemic vascular resistance. With heart rate held constant, an increase in stroke volume accounted for the increase in cardiac output and, thereby, an increase in mean arterial pressure.
The constancy of stroke volume observed during static exercise in the DDD mode is consistent with the general consensus that cardiac output, but not stroke volume, increases during static exercise.',245 However, the observation that stroke volume changes account solely for the blood pressure response when heart rate is fixed has not been reported previously. From a similar investigation, Bergenwald et al18 found that systemic vascular resistance increased slightly during static handgrip exercise but increased dramatically from baseline with sustained atrial pacing at 109 beats per minute. The difference between that investigation and the present one may be explained by the fact that the pacing rate was beyond the heart rate measured during exercise without pacing, resulting in a 32% increase in cardiac output but only an 18% reduction in baseline stroke volume. Systemic vascular resistance decreased 20% at rest, perhaps as an arterial baroreflex-mediated compensatory response to the large increase in flow and blood pressure associated with relatively high-rate pacing. Thus, an increase in systemic vascular resistance with high-rate pacing was unmasked by the relatively low initial value of systemic vascular resistance. The present study reveals that when heart rate is matched closely with physiological states, the compensatory hemodynamic change occurs exclusively with stroke volume.
The increase in stroke volume that occurs with static exercise when the heart rate is fixed at the resting or peak exercise level can be explained by an increase in the end-diastolic volume (Frank-Starling mechanism), by an increase in contractility (caused by decreased parasympathetic and increased sympathetic nerve activity) or by both mechanisms. Such autonomic changes would result in a decreased end-systolic volume. Since no measurement of left ventricular volumes was made in this study, one can only speculate about which mechanism was important in increasing the stroke volume in the present study.
In the present study, systemic vascular resistance increased when fixed-rate pacing in the DOO-Rest or DOO-Ex pacing mode was initiated (Table; Fig 2) . In the DOO-Rest pacing mode, the decrease in cardiac output caused by loss of atrioventricular synchrony may have triggered a baroreflex-mediated increase in systemic vascular resistance to maintain mean arterial pressure. Also, the blood pressure response to static exercise was accelerated during pacing at the faster static one-leg exercise with the pacemaker in the DDD peak exercise heart rate (DOO-Ex) compared with the by guest on November 6, 2017 http://circ.ahajournals.org/ Downloaded from DDD pacing mode. At 5 minutes the mean arterial pressures were no different in either mode after a steady state was achieved.
In summary, the blood pressure response is maintained during static one-leg exercise in patients with normal left ventricular function and dual chamber pacemakers when the heart rate is fixed at the resting or peak exercise rate. Further, this response is caused by an increase in stroke volume and not by an increase in systemic vascular resistance. Additional studies are needed to determine the mechanisms for this increase in stroke volume. It could be caused by an increase in end-diastolic volume (FrankStarling mechanism), by an increase in the contractile state of the left ventricle with a decrease in end-systolic volume, or by both mechanisms.
